Cells of Mycoplasma pneumoniae FH gliding on a glass surface in liquid medium were examined by microscopic observation and quantitatively by microcinematography (30 frames per min). Comparisons were made only within the individual experiments. The cells moved in an irregular pattern with numerous narrow bends and circles. They never changed their leading end. The average speed (without pauses) was relatively constant between 0.2 and 0.5 ,um/s. The maximum speed was about 1.5 to 2.0 ,um/s. The movements were interrupted by resting periods of different lengths and frequency. Temperature, viscosity, pH, and the presence of yeast extract in the medium influenced the motility significantly; changes in glucose, calcium ions, and serum content were less effective. The movements were affected by iodoacetate, p-mercuribenzoate, and mitomycin C at inhibitory or subinhibitory concentrations. Sodium fluoride, sodium cyanide, dinitrophenol, chloramphenicol, puromycin, colchicin, and cytochalasin B at minimal inhibitory concentrations did not affect motility. The movements were effectively inhibited by anti-M. pneumoniae antiserum. Studies with absorbed antiserum suggested that the surface components involved in motility are heat labile. The gliding of M. pneumoniae cells required an intact energy metabolism, and the proteins involved seemed to have a low turnover.
Motility of bacteria is, in most cases, dependent on the presence of flagella. Relatively few species are known to move by gliding (17, 19) . Little is known about the mechanism of gliding and its relation to flagellar motility (17, 19) .
Among the gliding microorganisms discovered in recent years are three species of mycoplasmas: Mycoplasma pulmonis (1, 21, 22) , M. pneumoniae (4, 6, 9) , and M. gallisepticum (5) . Gliding mycoplasmas deserve special consideration for several reasons. Their genetic content is smaller than that of normal bacteria (5 x 108 versus 1 x 109 to 2 x 109 daltons) (2) . Moreover, their membrane is in direct contact with substrate, without an interfering cell wall. Therefore, mycoplasmas may serve as a useful model for studies on the mechanisms of gliding movements. Furthermore, all three motile mycoplasma species are pathogens of the respiratory tract of humans or animals (13, 24) . Their ability to move by gliding may therefore be involved in the process of pathogenicity.
Little is known about the movements of mycoplasmas. Only M. pneumoniae is a useful model for experimental studies, since its movements are fast and constant even after numerous passages on artificial media. In contrast, M. pulmonis ceases to move after a few pas- ' Present address: Zentrum fur Hygiene, D-7800 Freiburg, Germany. sages in vitro (21, 22) , and M. gallisepticum shows only slow movements (J. T. Liauw, M.D. thesis, Johannes Gutenberg University, Mainz, Germany, 1976) . A few data were obtained from cinematographic studies on M. pneumoniae (10) . However, no experimental system existed for the quantitation of movements. Therefore, it was the purpose of this study to develop a reliable method for the quantitation of mycoplasma gliding movements. By this method, information was obtained about the influence of environmental conditions and inhibitory substances on M. pneumoniae motility.
MATERIALS AND METHODS Mycoplasma. M. pneumoniae FH was grown in liquid medium (15) , filtered through a polycarbonate filter (0.4 gm, Nucleopore, General Electric Co.), and stored in small portions at -70°C. After thawing, the suspension contained about 107 colonyforming units per ml. A nonmotile mutant of M. pneumoniae, M129P175, with reduced adherence was obtained from W. A. Clyde, Jr., Chapel Hill, N.C. It was grown in the same medium and used only for immunization of rabbits.
Media. Liquid and agar media were prepared by the method of Hayflick (15) . Penicillin (1,000 U/ml) and thallium acetate (0.05%) were added for most of the experiments. Agamma horse serum (Microbiological Associates) was used instead of horse serum (Flow Laboratories) for all microscopic experiments. For studies on the effect of increased viscosity, vary-ing amounts of a 10% solution of gelatin in PPLO broth (Difco) were used instead of pure PPLO broth for preparation of the final medium. For the metabolic inhibition test, the medium contained 0.025% 2,3,5-triphenyl-tetrazolium chloride (Serva) and 1% glucose (23) .
Buffer. Tris(hydroxymethyl)aminomethanebuffered saline (8) was used in several experiments.
Viscosity of media. The viscosity of the media used was determined by measuring the flow velocity (in seconds): water, 299; liquid medium, 329; medium with 1% gelatin, 502; medium with 3% gelatin, 984; and medium with 5% gelatin, 1,376.
Chemicals. The following substances were used: Freund complete adjuvant (Difco), calcium chloride, magnesium chloride, sodium fluoride, tris (hydroxymethyl)aminomethane (Merck); chloramphenicol (Parke Davis); dimethyl sulfoxide (Roth); and puromycin, cholesterol, colchicin, cytochalasin B, 2,4-dinitrophenol, ethylenediaminetetraacetic acid (EDTA), ethylenglycoltetraacetic acid (EGTA), actinomycin D, p-chloromercuribenzoate (PCMB), iodoacetate, and adenosine 5'-triphosphate (Serva).
Metabolic inhibition test. The minimal inhibitory concentrations (MIC) of chemicals were determined by a modification of the 2,3,5-triphenyl-tetrazolium chloride reduction inhibition test (23 (20) . The antisera were stored at -20°C.
Absorption of antiserum. M. pneumoniae FH was grown in four Roux bottles (100 ml of medium in each bottle), washed, and harvested in 4 ml of buffer. A 2-ml portion of this suspension was heated at 100°C for 1 h; 2 ml remained unheated. A 1-ml portion of each suspension (either heated or native) was centrifuged (7,000 x g), and the pellet was suspended in 400 ul of a 1:5-diluted anti-M. pneumoniae FH antiserum. The suspension was incubated for 1 h at 37°C and centrifuged, and the supernatant was -absorbed once more with the same amount of organisms.
UV. The mycoplasmas grown in cover slip chambers were irradiated with ultraviolet light (UV) (254 nm) for 30 to 180 s at a distance of 8 cm (Sylvania lamp type TL 900).
Determination of lectin-binding capacity of the medium. Concanavalin A was diluted in gelatin medium in a microtiter plate, and sheep erythrocytes were added. The agglutination titer was read after 2 h, and the lowest agglutinating concentration was considered to be just above the concanavalin A-binding capacity of the medium.
Microscopic observation. A frozen suspension of M. pneumoniae was thawed and incubated at 37°C with constant shaking to avoid clumping. After 20 h this suspension was used to inoculate a 3% gelatin medium (1:1,000). The inoculated medium was placed in cover slip chambers (3) . After 20 h of incubation, the mycoplasmas grown on cover slips were transferred to new chambers containing the test or control media. The chambers were incubated further at 37°C, and the movements of the cells were examined microscopically after 0.5, 1, 2, 4, 6, and 24 h. During examination, the chambers were kept at 37°C by a Sage Air Curtain incubator.
Cinematographic studies. Cover slips with M. pneumoniae were prepared as described above and transferred to chambers containing the test or control medium, respectively. The control medium in these studies always consisted of medium with 3% gelatin (pH 7.2), incubated at 37°C. The two chambers were fastened to metal frames (18) with a wax mixture (Deckglaskitt, Merck) and incubated for 2 h at 37°C. After 2 h, seven series of cinematographic pictures were taken from each preparation. Each series covered a different field of view and lasted for 5 min. The frequency was 30 frames per min, and the exposure time was 0.5 s. The films were analyzed by projecting each frame onto paper, using a projector with single-frame projection (Siemens). The location of each cell was marked on the paper by a point, and the frame number was added. The process was repeated for each frame, resulting in 150 points per cell and series. The distances on the paper were measured, and the real distances in micrometers were calculated. From the distances and intervals obtained, the following data were calculated for each individual cell: total distance, total observation time, average speed, average speed without pauses (corrected speed), maximum speed, total time of movements, total time of resting, and percentage of resting periods. About 2,100 frames were examined for each experiment.
Microscopic and photographic equipment. The movements of the cells were examined qualitatively with a Zeiss photomicroscope equipped with a phasecontrast condenser of long working distance (7 mm). The cinematographic studies were performed on a Zeiss inverted microscope (UPL) enclosed in a Plexiglas incubation chamber with electronic temperature regulation (Hessische Feinmechanik, Giessen). A phase-contrast objective with an optical aperture of 1.40 
RESULTS
General aspects of motility. M. pneumoniae gliding cells always moved in the direction of their tip structure (Fig. 1) . Their course was irregular and often circular with no preference for a certain direction. The movements were interrupted by resting periods of different lengths, ranging from 2 to more than 100 s. Under control conditions (medium with 3% gelatin, pH 7.2, 37°C), the cells showed average speeds of 0.2 to 0.5 ,um/s. The corrected speed (resting periods omitted) was higher and showed less variation (mostly between 0.3 and 0.5 ,um/s). The distances covered by the individual cells per 2-s interval were distributed around a mean value (Fig. 2) . Occasionally, maximum speeds of 1.5 to 2.0 ,m/s were attained for a short time. ing periods varied widely among the cells (0 to 80%).
Technique of cinematographic measurements. The system for cinematographic recording of M. pneumoniae cell movements produced reliable results under certain conditions. The frequency of 30 frames per min provided a sufficient number of measuring points to follow the often very narrow curves of the moving cells. Lower frequencies resulted in seemingly shorter, and therefore incorrect, distances. The number of cells per field of view was critical: with more than five to seven cells per field, collisions were likely to occur, which disturbed the follow-up of individual cells during analysis. An observation time of more than 5 min increased the chances of individual cells to leave the observation field, thereby reducing the number of cells with comparable observation time.
Some of the data obtained from the measurements could be plotted graphically (Fig. 3) , and possible differences could be examined statistically.
Influence of environmental factors. Changes in the medium viscosity affected the movements significantly (Table 1) Motility in liquid medium without gelatin could not be studied quantitatively, because the moving cells lost contact with the glass and disappeared in the medium.
Another factor affecting movement was the pH of the medium. At a more alkaline pH (7.9), the cells moved with reduced speed (Table 1) . The percentage of resting periods was increased by both a higher number of pauses and increased length of the individual pause. Reduction of pH to 6.5 had the opposite effect. The movements were faster and the resting periods were shorter, resulting in a lower percentage of pauses (Table 1) .
At a lower incubation temperature (32°C), the speed was reduced significantly, and the percentage of pauses was increased (Table 1) . This increase was caused by more frequent and prolonged pauses. At a higher temperature (39°C), the speed was not affected, but the percentage of resting periods was increased by more frequent and prolonged pauses.
The addition of glucose (0.1 to 1%) did not significantly affect the speed of the cells. The percentage of resting periods was slightly increased by 1% glucose (Table 2) .
A reduced percentage of serum in the medium (10 or 5%) apparently affected only a minority of the cells. Most of the cells did not show any change in motility after 5 h, but about 10% were visibly damaged and immobilized. A reduction in the percentage of yeast extract (to 5%) affected the movements much more. After 1 (Table 4) by more frequent resting periods. The MIC of PCMB increased the frequency and length of the resting periods and reduced the speed (Table 4) . However, the number of cells available for analysis was too low for statistical tests. Concentrations higher than the MIC resulted in rounding and immobilization of the cells after about 1 h. Inhibitors of nucleic acid and protein syntheses showed different effects. Mitomycin C (0.5 MIC) resulted in lower speed and more resting time (Table 4 ). The frequency of pauses remained unchanged, and their length in- UV irradiation of the cells (3 min; dose, 900 ergs/mm2) resulted in slower movements within 6 h. No motile cells were seen after 24 h. X rays in a dose of 3,000 rads had no visible effect.
Cytochalasin B at a concentration of 50 ,ug/ ml did not influence the movements. Colchicine (10 ,ug/ml) had no effect.
Treatment of the membrane surface with homologous antiserum (Ab) inhibited the movements. Ab at a concentration of 1:400 reduced the motility after 1 h. Higher concentrations (1:50) immobilized the cells totally. The action of Ab was reversible. Transfer of antibodytreated cells (30 min, 1:50) to antibody-free medium restored motility to the normal level after about 2 h. Ab against the nonmotile mutant (M129P175) had the same effect on the cells as antiserum against the homologous strain FH.
Absorption of the antiserum (1:50) with native M. pneumoniae removed all motility-inhibiting activity. However, antiserum absorbed with heated M. pneumoniae (100°C) showed full inhibition of movements at the same degree as unabsorbed antiserum.
Treatment (6, 7) . Only the speed of mycoplasmas and myxobacteria is comparable (10, 19) . The factors that stimulate mycoplasma movement are unknown. The intense motility in densely grown cultures (9) seems to depend mainly on the lowered pH, as confirmed by the quantitative experiments. Yeast extract seems to contain an unknown substance necessary for constant movement. On the other hand, Ca2+ ions are not required. The failure to obtain significant effects by adding glucose may be due to the large amount of metabolizable substance in the complex medium. No evidence of a motility-stimulating factor was found in conditioned medium. Attempts to find a method for measuring possible chemotactic properties of mycoplasmas have failed so far in our laboratory.
The effects of iodoacetate and PCMB on movement indicate a requirement for cell-derived energy. This is in agreement with results obtained by Burchard (Abstr. Annu. Meet. Am. Soc. Microbiol. 1972, G239, p. 70), who found that PCMB inhibits the gliding of myxobacteria. There was no evidence for thermal energy being the sole cause for the gliding.
Proteins participating in the gliding mechanism appear to have a relatively slow turnover.
Inhibition of protein synthesis did not affect motility for several hours. This suggests that no substantial amounts of protein (e.g., as a gliding layer) are secreted during movement. Furthermore, de novo membrane synthesis does not seem to play an essential role in the gliding process. Factors effecting the cell division by interfering with deoxyribonucleic acid (DNA) synthesis (mitomycin C, UV) had a delayed effect on motility. However, the movements were inhibited much faster than observed with inhibitors of protein synthesis. Therefore, the effect of UV or mitomycin C cannot be explained by mere exhaustion of preformed substances. The results seem to suggest that intact DNA or DNA synthesis is necessary for the function of the motility mechanism. The data do not permit an explanation for this observation.
Inhibitors of contractile elements (cytochalasin B, colchicin) (11, 14, 25) did not affect motility, confirming the results of preliminary experiments on M. pneumoniae (6) and M. gallisepticum (W. Bredt, unpublished data) and observations on other prokaryotes (16) . However, this does not necessarily indicate that the motility mechanism is insensitive, since it is not known whether the membrane of prokaryotes is permeable to these substances. The problem of whether actin-like proteins are involved in the motility therefore has to be approached by other methods.
Substances located on the membrane surface appear to play an essential role in motility, since treatment with antibodies resulted in fast inhibition of movement. The unimpaired effectiveness of antiserum absorbed with heated mycoplasmas indicates a heat-labile antigenic nature of the structures and substances involved. These are possibly proteins responsible for transport mechanisms and/or attachment.
No antigenic difference seems to exist in this respect between the motile strain, FH, and the nonmotile mutant. Similar results have been obtained during studies on the adherence of M. pneumoniae (F. W. Gorski, M.D. thesis, Mainz, in preparation). The surface substances involved in attachment were heat labile and protease sensitive, and their reconstitution could be prevented by chloramphenicol.
Whether the same substances are participating in both phenomena remains to be tested.
The results obtained in this study provide a basis for further experiments. They show that motility is related to environmental factors. However, they provide only a partial and yet incoherent knowledge about the possible mechanisms. Further studies will hopefully reveal more about structures and mechanisms involved in the transformation of energy into movement.
